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[57] ABSTRACT

Immunophilin ligands act by binding to receptor proteins,
immunophilins, which in turn can bind to and regulate the
Ca®* dependent phosphatase, calcineurin, and the Ca®*
release channel, the ryanodine receptor. Immunophilin
ligands have been discovered to enhance neurite outgrowth
in neuronal cell systems by increasing sensitivity to neu-
rotrophic factors. The effects of the immunophilin ligands
are detected at subnanomolar concentrations indicating
therapeutic application in diseases involving neural degen-
eration.
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DIRECT INFLUENCES ON NERVE GROWTH
OF AGENTS THAT INTERACT WITH
IMMUNOPHILINS IN COMBINATION WITH
NEUROTROPHIC FACTORS

This invention was made under USPHS grants
MH-18501, DA00266, and DA00074. The U.S. government
therefore retains certain rights in the invention.

BACKGROUND OF THE INVENTION

The immunosuppressant drugs cyclosporin A and FK506
are thought to exert their therapeutic effects by binding to
receptor proteins, designated cyclophilins and FK506 bind-
ing proteins (FKBP) respectively. When complexed to the
immunosuppressant drugs, these binding proteins, desig-
nated immunophilins, bind to the Ca** activated
phosphatase, calcineurin, to inhibit its activity and increase
levels of phosphorylated calcineurin substrate proteins
(1-9). Concentrations of the immunophilins are far higher in
the brain and peripheral nervous system than in immune
tissues, and FKBP is co-localized with calcineurin through-
out the brain, suggesting an important functional relation-
ship (4).

We recently showed that cyclosporin A and FK506 block
the neurotoxicity elicited by glutamate acting at N-methyl-
D-aspartate (NMDA) receptors in cerebral cortical cultures
(10). The mechanism for the neuroprotective effects of these
drugs appears to be inhibition of calcineurin with an aug-
mentation of phosphorylated levels of nitric oxide synthase
(NOS) (10). Since phosphorylation of NOS inhibits its
catalytic activity (11), the immunosuppressants effectively
reduce nitric oxide (NO) formation, preventing the neuro-
toxic effects of NMDA in these cultures (12,13).

GAP43 is a prominent protein in neuronal processes
associated with neurite extension and is also a major cal-
cineurin substrate (14). Regeneration of damaged facial and
sciatic nerves is associated with a marked augmentation of
GAP43 mRNA levels (15-18).

There is a need in the art for methods of stimulating
neuronal cells growth, especially in the case of nerve dam-
age by physical injury or disease. Stimulation of neuronal
growth allows a quicker and more complete recovery of
damaged nerves.

SUMMARY OF THE INVENTION

It is an object of the invention to provide a method of
stimulating the growth of neuronal cells.

It is another object of the invention to provide a method
of stimulating the regeneration of neurons after damage due
to physical injury.

It is still another object of the invention to provide a
method of stimulating the growth of neurons after damage
due to disease.

These and other objects of the invention are provided by
one or more embodiments of the invention described below.
In one embodiment of the invention a method of stimulating
the growth of neurons is provided. The method comprises:

administering to neuronal cells an immunophilin ligand in

an amount sufficient to stimulate the growth of said
neuronal cells.

In another embodiment of the invention an alternative
method of stimulating the growth of neurons is provided.
The method comprises:

administering to neuronal cells an immunophilin ligand

and a neurotrophic factor.
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These and other embodiments of the invention provide the
art with methods of using pharmacologically acceptable
substances for the regeneration of nerves after damage due
to injury or disease.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A and 1B

FKBP-12 and GAP-43 expression in the facial nucleus
after nerve crush. (FIG. 1A) In situ hybridization comparing
the time course of expression of mRNA in the facial nucleus
for FKBP-12 (left) and GAP-43 (right). The right facial
nucleus is ipsilateral to the crush, and the left side is an
unoperated control. (FIG. 1B) In situ hybridization for
FKBP-12 on an untreated control (left) and for calcineurin
Aa, B7 days following facial nerve crush (right).

Experiments were replicated at least 3 times with similar
results.

FIGS. 2A and 2B

Localization of FKBP-12 to facial motor neurons follow-
ing nerve crush. Bright-field photomicrographs of in situ
hybridization for FKBP-12 in motor neurons of the facial
nucleus 7 days after crush (FIG. 2A), and in motor neurons
of control facial nucleus (FIG. 2B).

FIGS. 3A-3C

Upregulation of FKBP-12 mRNA in lumbar spinal cord
motor neurons after sciatic nerve crush. In situ hybridization
for FKBP-12 7 days after crush of the right sciatic nerve.
Top panel (FIG. 3A) shows the response of motor neurons
in the ventral horn of lower lumbar spinal cord (indicated by
the arrow). Bright field photomicrographs of corresponding
motor neuron pools are shown in the bottom panels: (FIG.
3B) left side contralateral to nerve crush, (FIG. 3C) right
side ipsilateral to the nerve crush. This experiment was
repeated 3 times with similar results.

FIG. 4

Induction of FKBP and FKBP-12 mRNA in the dorsal
root ganglion 1 and 6 weeks after sciatic nerve crush.
Dark-field photomicrographs of sections through the L4
dorsal root ganglion ipsilateral to sciatic nerve crush pro-
cessed for FKBP in situ hybridization are shown in the left
panels and for [PH]JFK506 autoradiography in the right
panels. These results were replicated 3 times for each time
point.

FIG. 5

Ricin lesion of the right facial nerve. Nissl stain (bottom
panel, FIG. 5A) reveals extensive degeneration of motor
neurons in the right facial nucleus with an accompanying
glial proliferation 7 days following injection of ricin into the
facial nerve. In situ hybridization for FKBP mRNA 7 days
after ricin lesion of the facial nerve/nucleus is shown in the
top panel (FIG. 5B). This experiment was replicated 3 times
with similar results.

FIG. 6

[PH]FK-506 binding in segments of sciatic nerve 7 days
following crush. The diagram illustrates the 3 mm segments
of nerve taken: constrictions indicate positions of ligatures
applied at day 7 for the 6 hr collection time as described in
the methods. The distal ligature site is 10 mm proximal to
the original crush site. Anterograde transport of FKBP is 124
mm/day. Data are the means +S.E.M. (n=3).

FIGS. 7A-7D

Transport of FKBP in the sciatic nerve. Dark-field pho-
tomicrographs of sections through a control (untreated)
sciatic nerve and a 7 day sciatic nerve crush site processed
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for FKBP-12 in situ hybridization (FIG. 7A, FIG. 7B) and
for [PHJFK-506 autoradiography (FIG. 7C, FIG. 7D).
Arrows indicate the sight of the nerve crush. This experi-
ment was repeated 3 times with similar results.

FIG. 8

Levels of [PHJFK506 binding in PC-12 cells maintained
in the presence or absence of NGF (50 ng/ml). n=3 for each
time point. Bars represent S.E.M.

FIG. 9

Immunosuppressant mediated enhancement of neurite
outgrowth in PC-12 cells. Hoffman contrast photomicro-
graphs (64) of cultures grown for 48 hr in the presence of
NGF with or without added FK506 or rapamycin. FIG. 9A:
PC-12 cells grown in 1.0 ng/ml NGF. FIG. 9B: 50 ng/ml
NGF. FIG. 9C: 1.0 ng/ml NGF and 100 nM FK506. FIG. 9D:
1.0 ng/ml NGF and 100 nM rapamycin. Magnification 200
X.

FIG. 10

Effects of FK506 on neurite outgrowth in PC-12 cells.
Cultures were treated with varying concentrations of NGF in
the presence or absence or 100 nM FK506, and neurite
sprouting was measured at 48 hr. Outgrowth was quantitated
as described in Methods by counting cells with neuritic
processes greater than 5 um. n=4 separate experiments for
each point and error bars represent SEM.

FIG. 11

Concentration-response relationship for FK506 potentia-
tion of neurite outgrowth in PC-12 cells. Cells were treated
for 48 hr with 1 ng/ml NGF and varying concentrations of
FK506. Neurite outgrowth response was measured as
described in FIG. 10 and Methods. n=4 separate experiments
for each data point * p<0.001 Students t test.

FIG. 12

[PHJFK-506 autoradiography on dorsal root ganglion
explant cultures. After 26 days of cultures with 100 ng/ml
NGF the extensive processes display abundant FKBP asso-
ciated silver grains. Autoradiographic grains are abolished
with 1 4M unlabeled FK506.

FIGS. 13A-13F

Phase-contrast micrographs of dorsal root ganglia grown
with different substances. FIG. 13A: NGF 100 ng/ml, FIG.
13B: FK506 1 uM, FIG. 13C: FK506 1 uM and anti-NGF
antibody, FIG. 13D: No added growth factor, FIG. 13E:
FK506 1 uM, FIG. 13F: FK506 1 uM and rapamycin 1 uM.
Scale bar is 250 um. NGF produces abundant axon out-
growth (FIG. 13A), as does 1 uM FK506 (FIG. 13B). The
effects of FK506 are substantially decreased by reducing the
concentration to 1 pM (FIG. 13E). However, neurite out-
growth with 1 pM FK506 is greater than in its absence (FIG.
13D). FK506 effects are also diminished by adding anti-
NGF antibody to eliminate the effects of NGF produced by
non-neuronal cells in the cultures. The abundant neurites
that occur in large fascicles in response to NGF (100 ng/ml])
(FIG. 13A) or 1 uM FK506 (FIG. 13B) appear white, while
small fascicles or individual neurites appear black. Non-
neuronal cells, Schwann cells and some fibroblasts, are more
evident with 1 pM FK506 (FIG. 13E) or anti-NGF antibody
(FIG. 13C) than with 1 uM FK506 (FIG. 13B). NGF
produced by non-neuronal cells in the cultures results in the
limited axon outgrowth seen in cultures with no added
growth factors (FIG. 13D). The large number of refractile
non-neuronal cells, appearing white, tend to overshadow the
few neurites (FIG. 13D). Rapamycin completely inhibits
axon outgrowth in the presence of FK506 (FIG. 13F)
Micrographs are representative of 12-30 ganglia from each
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experimental condition. Differences between all experimen-
tal groups were highly reproducible.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

It is a discovery of the present invention that immuno-
philin ligands have a dramatic effect on nerve cells. This
effect is extraordinary in terms of potency, with as little as
picomolar amounts of immunophilin ligand being neu-
rotrophic. This effect is, therefore, physiologically relevant.

While not wanting to be bound by any particular theory,
it is tempting to speculate that the ligands acting through
their respective immunophilins inhibit calcineurin to
increase levels of phosphorylated calcineurin substrates.
Such a mechanism would fit with findings that neurite
outgrowth in several systems is associated with phosphory-
lation of numerous proteins in the neurite extensions (34,
35).

Immunophilins are specific high-affinity receptors for
immunosuppressant drugs. These include cyclophilin and
FKBP, which bind to cyclosporin A, and FK-506, respec-
tively. In addition to these compounds, other immunophilin-
binding drugs have been developed. Such drugs include
rapamycin, FK-520, FK-523, 15-0-DeMe-FK-520, (4R)-
[(E)-L-butenyl]-4, N-dimethyl-L-threonine. (6).

The neurotrophic actions of immunophilin ligands have
therapeutic ramifications. The extreme potency of FK506 is
in the range of neurotrophic proteins. Drugs such as FK506
are readily synthesized and can cross the blood brain barrier.
Thus, besides therapeutic effects for neuroprotection in
conditions such as stroke (10), FK506 and other small
molecules that interact with immunophilins are of use in
facilitating neuronal repair. Situations where neuronal repair
can be facilitated include, but are not limited to diseases
including peripheral nerve damage, whether by physical
injury or disease state such as diabetes. In addition, facili-
tation of neuronal repair is useful for injury or disease states
of the central nervous system (spinal cord and brain) includ-
ing physical damage to the spinal cord, damage to motor
neurons such as occurs in amyotrophic lateral sclerosis,
brain damage as occurs in strokes, Alzheimer’s disease and
Parkinson’s disease.

The dosage and length of treatment with immunophilin-
binding drugs depends on the disease state being treated.
The duration of treatment may be a day, a week, or longer,
and may, in the case of a chronic progressive illness, such as
Alzheimer’s disease, last for decades. The immunophilin-
binding drugs are administered in a therapeutically effective
amount, a typical human dosage of FK-506 ranging from
about 0.1 mg/kg of body weight of FK-506 to about 1.0
mg/kg of FK-506, in single or divided doses. The dosage
will vary depending on the immunophilin-binding drug to be
used and its relative potency. Dosage and length of treatment
are readily determinable by the skilled practitioner based on
the condition and stage of disease.

Neurotrophic factors, whether endogenously produced or
administered, appear to be involved in the mechanism of
action of the immunophilin ligands. Such neurotrophic
factors can be administered by any means known in the art.
Typically, far less neurotrophic factor is required in the
presence of an immunophilin ligand to achieve the same
effect as in its absence. Suitable neurotrophic factors
include, but are not limited to: nerve growth factor, glial
derived growth factor, brain derived growth factor, ciliary
neurotrophic factor and neurotropin-3.

In therapeutic use, immunophilin-binding drugs can be
administered by any route whereby drugs are conventionally
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administered. Such routes of administration include
intraperitoneally, intravenously, intramuscularly,
subcutaneously, intrathecally and intraventricularly, as well
as orally.

Typical preparations for administration include sterile
aqueous or nonaqueous solutions, suspensions and emul-
sions. Examples of nonaqueous solvents are propylene
glycol, polyethylene glycol, vegetable oils such as olive oil
and injectable organic esters such as ethyl oleate. Aqueous
carriers include water, alcoholic/aqueous solutions and buff-
ered media. Intravenous vehicles include fluid and nutrient
replenishers, electrolyte replenishers, such as those based on
Ringer’s dextrose, and the like. Preservatives and other
additives may also be present such as, for example,
antimicrobials, anti-oxidants, chelating agents, inert gases,
and the like. Oral preparations, such as capsules, tablets, and
other forms, can include additives such as cellulose, silica
gel and stearic acid.

To be effective therapeutically for central nervous system
targets, an immunophilin-binding drug desirably should be
able to penetrate the blood-brain barrier when peripherally
administrated. However, some immunophilin-binding
drugs, like cyclosporin A, do not readily penetrate into the
brain. Immunophilin-binding drugs which are unable to
penetrate the blood-brain barrier can be effectively admin-
istered by, for example, an intraventricular route of delivery.
Such drugs can also be used to treat peripheral nerves where
penetration of the blood-brain barrier is not an issue.

EXAMPLES

Example 1

This example demonstrates high levels of FKBP in nor-
mal peripheral nerve and that these increase following nerve
crush.

If FKBP were physiologically associated with neuronal
process extension in the actions of GAP-43, then one might
anticipate substantial levels of FKBP in peripheral nerve.
Accordingly, we measured [°’H]FK-506 binding in rat sciatic
nerve, as well as in growth cones isolated from 2-day-old rat
pups, and compared values with those of the cerebral cortex
and several peripheral tissues.

[PH]FK-506 autoradiography was carried out as described
(4) on unfixed sections which were thawed and air dried
before preincubation for 1 hr in buffer consisting of 50 mM
Hepes, 2 mg/ml bovine serum albumin, 5% ethanol, and
0.02% Tween 20 pH 7.4. Sections were then exposed to 1
nM [PHJFK-506 (86.5 Ci/mMol; DuPont-NEN, Boston,
Mass.) for 1 hr at room temperature in preincubation buffer.
Non-specific binding was defined by addition of 1 uM
FK-506. Following incubation, the slides were washed 4x5
min in ice cold preincubation buffer and air dried. The
radiolabeled sections were then juxtaposed to tritium-
sensitive film or coverslips coated with Kodak NTB-2
emulsion.

TABLE 1

[PH]FKS506 BINDING TO SCIATIC NERVE AND GROWTH CONES

(A) [PH]FK506 Binding in Sciatic Nerve

Bmax
Tissue (pmol/mg protein)
Adult Rat
Sciatic Nerve 22.1
Cerebral Cortex 48.0
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TABLE 1-continued

[PHJFK506 BINDING TO SCIATIC NERVE AND GROWTH CONES

Thymus 9.5
Spleen 8.0
Neonatal Rat

Forebrain 255
Growth Cones 10.2

B) [PH]JFK506 Binding After Sciatic Nerve Crush

Bmax
pmol/mg protein

Bmax
fmol/5 mm segment

31.8 21
136.5 £ 15.7*

212 =14
40.1 £2.0*

Unoperated
7-Day Crush

[PHJFK506 binding was assayed as described in methods. In Table 1A
experiments were replicated three times with less than 10% variation. In Table

1B values are presented as the mean + SEM. (n = 3).
*P = 0.05 Students’ t-test for independent means.

Of all the tissues examined sciatic nerve binding levels
are the highest, somewhat higher than those of the cerebral
cortex and about 10x higher than levels in the thymus and
spleen, which contain FKBP associated with lymphocytes.
See Table 1A.

Evidence for a role of FKBP in nerve regeneration comes
from experiments in which we crushed the sciatic nerve of
adult rats and 7 days later measured [>H]FKBP binding in a
5 mm segment immediately proximal to the nerve crush.

Sprague-Dawley rats (175-200 g) were anesthetized with
a mixture of Rompun (12 mg/kg) Ketamine (30 mg/kg).
Using aseptic techniques, the facial nerve was crushed with
jewelers forceps 2x30 sec 2 mm distal to its exit from the
stylomastoid foramen. Identical procedures were used to
crush the sciatic nerve at the level of the mid-thigh.

Results are shown in Table 1B. Total binding in the
segment proximal to the crush is quadrupled compared to
control values. Since total protein is substantially augmented
in the proximal segment, [°’H]FK-506 binding per mg pro-
tein is only doubled in the proximal segment.

Example 2

This example demonstrates that facial nerve lesions aug-
ment the coincident expression of FKBP and GAP-43.

Following crush of the facial nerve, mRNA levels of
GAP-43 increase in the facial nerve nucleus (18, 55).
Utilizing in situ hybridization, we examined mRNA levels
of FKBP, GAP-43 and calcineurin following facial nerve
crush.

Rats were perfused transcardially with 150-200 ml ice
cold phosphate-buffered saline (PBS) (0.1M, pH 7.4). Tis-
sues were removed and immediately frozen in isopentane
(-80° C). Cryostat sections (18 um thick) were cut and thaw
mounted on gelatin coated slides.

In situ hybridization was performed as previously
described (4), using antisense oligonucleotide probes end
labeled with [>°S] dATP. For FKBP, three separate oligo-
nucleotides complementary to the following regions of the
cloned cDNA (56, 57) were used: 70-114, 214-258,
441-485. For GAP-43, three separate antisense oligonucle-
otides complementary to nucleotides 961-1008, 1081-1128,
1201-1248 of the cloned CDNA (58) were used. For cal-
cineurin Ac. antisense oligonucleotides complementary to
the nucleotides 1363-1410 and 1711-1758, (59) and for
calcineurin AP 1339-1386 and 1569-1616 (60) were used.
Sections were thawed and allowed to dry, then fixed for 5
min in 4% freshly depolymerized paraformaldehyde in PBS.
Following two rinses in PBS, sections were acetylated with
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0.25% acetic anhydride in 0.1 M triethanolamine 0.9% NaCl
(pH 8.0), and then dehydrated in graded alcohols, defatted in
chloroform for 5 min, rehydrated to 95% ethanol and
allowed to air dry. Hybridization was performed overnight at
37° C. in buffer containing 50% deionized formamide, 10%
dextran sulfate, 4x SSC, 1x Denhardt’s solution, 20 mM
phosphate buffer, 0.1 mg/ml salmon sperm DNA, 0.1 mg/ml
yeast transfer RNA, 10 mM dithiothreitol, 2.0% betamer-
captoethanol (BME), 1.0 mM EDTA and labelled probe
(2,000,000 dpm/section). Following hybridization, sections
were rinsed in 1x SSC, 1.0% BME for 15 min at room
temperature, then twice for 10 min at 55° C., air dried and
placed on film or dipped in Kodak NTB-2 emulsion.

Results are shown in FIG. 1A. Striking enhancement of
FKBP and GAP-43 expression is observed, while no
changes are evident in calcineurin expression. As early as 24
hr following facial nerve crush FKBP expression is
increased with peak levels evident at 1-2 weeks, while
mRNA concentrations diminish substantially at 3 weeks.
Examination under higher magnification reveals that the
increased levels of silver grains for FKBP mRNA are
confined to neuronal cell bodies (FIG. 2). Northern blot
analysis of the dissected facial nucleus confirms the
increased levels of FKBP specific mRNA (FIG. 2A). GAP-
43 mRNA levels follow a time course closely similar to
those of FKBP. By contrast, no changes in calcineurin
expression are detected at any of the time points examined
(FIG. 1B).

Total cellular RNA from the dissected facial nucleus was
isolated. Samples of 10 or 20 ug total RNA were electro-
phoresed through a 1% agarose, 2.0% formaldehyde gel and
transferred to a nylon membrane in 10 nM NaOH. cDNA
probes to FKBP labeled with [>*?]dCTP to a specific activity
of 1x10° cpm/ug by random priming were hybridized over-
night at 42° C. in buffer consisting of 50% formamide, 2x
SSPE, 7% SDS, 0.5% Blotto and 100 ug/ml salmon sperm
DNA. The blots were washed for 20 min at room
temperature, and 2x15 min at 65° C. in 0.15x SSC, 0.15%
SDS and then exposed to film for 48-96 hrs.

On the unlesioned side a modest increase in silver grains
compared to control sections are observed. This is consistent
with findings that contralateral neurons also respond to
axotomy (61).

Following facial nerve crush, rats develop a facial nerve
palsy, which is evident by the lack of whisker movement
with functional recovery at 3 weeks coincident with the
completion of nerve regeneration (62). In our rats we also
observed the loss of whisker movement following nerve
crush with a return of function at 3 weeks. Thus, the time
course of increased expression of GAP-43 and FKBP cor-
relates with the process of nerve regeneration.

Example 3

This example demonstrates alterations in FKBP and
GAP-43 associated with sciatic nerve regeneration.

Following sciatic nerve lesions GAP-43 mRNA levels are
enhanced in both spinal cord motor neurons and in dorsal
root ganglia neuronal cells (63-73). In rats subjected to
sciatic nerve crush, we observed a striking enhancement in
mRNA levels for FKBP in motor neurons at L-4, 5 (FIG. 3)
and in dorsal root ganglia neuronal cells coincident with the
reported enhancement of GAP-43 expression (FIG. 4). At
high magnification we observed the FKBP mRNA silver
grains localized to neuronal cell bodies (FIG. 3). We moni-
tored FKBP protein levels by autoradiography of [*H]FK-
506 binding under conditions in which it binds selectively to
FKBP (4) (FIG. 4). Increased FKBP is detected in the
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primary sensory neurons in the dorsal root ganglia, though
no increases are evident in motor neuronal cells following
sciatic nerve crush.

The association of augmented FKBP expression with
regeneration selectively is further supported by experiments
with ricin. When injected into peripheral nerves ricin is
transported back into the cell body which is destroyed
without associated nerve regeneration (74). We injected 0.5
ug ricin (RCA 60, Sigma, St. Louis, Mo.) into the facial
nerve at the same site where crushes had been performed in
other experiments according to the method of Streit and
Kreutzberg in 0.5 ul PBS and 0.1% Fast Green (75).

We conducted in situ hybridization localization studies for
FKBP mRNA at 2, 4 and 7 days following ricin treatment
(FIG. 5). No increase in FKBP mRNA is observed following
ricin treatment. Gliosis occurs both following ricin treatment
and nerve crush. The failure of FKBP mRNA to increase
following ricin treatment fits with the selective neuronal
localization of FKBP mRNA in the facial nucleus.

Example 4

This example demonstrates that FKBP is rapidly trans-
ported in the sciatic nerve.

The failure of FKBP protein to increase in motor neurons
following sciatic nerve crush despite the increase in FKBP
mRNA suggests that the protein is rapidly transported out of
the cell body into nerve processes. This fits with our earlier
observations that FKBP mRNA is concentrated in granule
cells of the cerebellum which contain low levels of FKBP
protein, while FKBP protein levels are highly concentrated
in the molecular layer in the cerebellum associated with the
parallel fibers arising from granule cells (4). To examine for
possible transport of FKBP, we crushed the sciatic nerve and
7 days later applied ligatures 10 and 20 mm proximal to the
crush. Six hr following ligature, we monitored [*H]FK-506
binding in 3 mm segments spanning the area of the ligatures.
(FIG. 6).

For axon transport experiments, classic ligature tech-
niques were used following the methods of Tetzlaff et al.
One week following sciatic nerve crush two collection
ligatures (510 sutures) were placed on the nerve approxi-
mately 10 mm apart with the distal most ligature positioned
10 mm proximal to the initial crush sight. Six hours later, 5-3
mm segments of the nerve were collected from regions
proximal to, distal to, and between the collection ligatures as
illustrated in FIG. 5. The nerve segments were prepared for
[PH]FK-506 binding assays by homogenizing in 10 volumes
of 50 mM Tris-HCI, pH 7.4. Homogenates were centrifuged
at 15,000 x g for 20 min at 4° C., and supernatants were
collected and assayed for total protein concentration using
the Coomassie blue dye binding assay (Pearce). [*H]FK-506
binding was carried out as described (4) on aliquots con-
taining 2 ug of total soluble protein in a final volume of 0.4
ml assay buffer consisting of 50 mM Tris-HCI, pH 7.4, 2
mg/ml bovine serum albumin, 250 pM [*H]JFK-506, and
varying concentrations of unlabeled FK-506. Following
incubation at 25° C. for 60 min, 0.35 ml was layered over a
0.8 ml column of LH-20 Sephadex (Pharmacia LKB) and
washed with 0.4 ml of assay buffer. The eluates were
collected and counted in a scintillation counter.

Results are shown in FIG. 5. [’H]FKBP binding levels are
highest in the segment just proximal to the ligature 20 cm
from the crush, being almost quadruple levels in the other
segments. Based on the levels of [PHJFK-506 binding in
segments A—D, we calculated the rate of anterograde trans-
port for FKBP. This rate of 240 mm per day is essentially the
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same as transport rates for GAP-43 (18, 76, 77), representing
the most rapid transport rates for neuronal proteins (78).

To visualize the accumulation of FKBP following nerve
crush, we applied a loose ligature to mark the site of crush
of the sciatic nerve and conducted in situ hybridization for
FKBP mRNA as well autoradiography for [HJFK-506
binding (FIG. 7). Most FKBP mRNA and [PH]FK-506
binding accumulate immediately proximal to the crush.
These levels are considerably higher than in control
uncrushed sciatic nerve. Examination of the in situ hybrid-
ization an autoradiography preparations at high magnifica-
tion reveals silver grains associated with neuronal fibers.
There are also silver grains localized to cells whose identity
we could not determine definitively, so that they may be
Schwann cells, macrophages or fibroblasts (data not shown).

Example 5

This example demonstrates that PC-12 cells contain
FKBP and that FKBP levels are enhanced by nerve growth
factor. We examined PC-12 cells for the presence of FKBP
by monitoring the binding of [PH]FK506 to cells under basal
conditions and following treatment with nerve growth factor
(NGF).

Levels of FKBP in PC-12 cells were obtained from
Scatchard analysis of [’HJFK506 binding curves. Cultures
were scraped from the culture wells and homogenized in 10
volumes of 50 mM Tris-HCl, pH 7.4, 1 mM EDTA, 100
ug/ml phenylmethylsulfonylfluoride and centrifuged at
40,000 x g for 20 min at 4° C. Protein was determined by the
Coomassie blue dye binding assay using bovine serum
albumin as a standard. Binding of 250 pM [*H]dihydro
FK506 (86.5 Ci/mmol, DuPont/NEN) was assessed for
samples containing 5 ug soluble protein in a final volume of
0.4 ml assay buffer containing 50 mM Tris-HCI, pH 7.4, 2
mg/ml BSA and varying concentrations of unlabeled FK506.
After 60 min incubation at 25° C., 0.35 ml was layered over
a 0.8 ml column of LH-20 Sephadex (Pharmacia LKB),
pre-equilibrated with assay buffer. The column was further
washed with 0.4 ml of assay buffer, the eluates collected,
mixed with Formula 963 (DuPont/NEN) and counted in a
Beckman scintillation counter. Specific binding was deter-
mined by subtracting binding obtained in the presence of 1
4M unlabeled FK506 from total [PH]JFK506 bound.

Results are shown in FIG. 8. [PH]FK506 binds saturably
to untreated PC-12 cell homogenates. In typical experiments
about 1,000 cpm are bound while nonspecific binding in the
presence of 1 uM FK506 is about 150 cpm. Fifty percent
inhibition of [’H]FK506 binding occurs with 1-2 nM FK506
indicating that the binding sites correspond to authentic
FKBP. [PH]FK506 binding increases markedly following
NGF treatment. Significant increases are evident by 10-15
hr. Binding triples by 20 hr and a modest further increase is
evident at 100 hr.

Example 6

This example demonstrates that FK506 and rapamycin
increase neurite extension in PC-12 cells.

PC-12 cells were maintained at 37° C., 5% CO,, in
Dulbecco’s modified Eagle medium (DMEM) supplemented
with 10% heat-inactivated horse serum and 5% heat-
inactivated fetal bovine serum. For differentiation in NGF,
cells were plated at 1x10° in 35 mm culture wells coated
with rat tail collagen at 5 ug/cm?, and allowed to attach
before replacing the media with DMEM supplemented with
2% fetal horse serum, 1% fetal calf serum, NGF and/or
FK506 of rapamycin. For quantitation of neurite outgrowth,
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random photographs were made (3—4 per well), and process
bearing neurons were counted with processes being greater
than 5 um. Experimental conditions were unknown by the
photographer and cell counter. Four separate experiments
were performed in duplicate for each data point presented.
Neurites were identified and counted from approximately
100 cells per photograph. Thus, neurites from 1200-1600
cells were counted per data point.

As observed by other workers (19,20), NGF potently
stimulates neurite outgrowth with half-maximal stimulation
at 1 ng/ml and maximal augmentation at about 50-100
ng/ml (FIGS. 9, 10). FK506 (100 nM) markedly augments
the effect of NGF by increasing sensitivity to NGF. Thus,
FK506 reduces by 20-50 fold the NGF concentration
needed to elicit maximal outgrowth. Half maximal out-
growth in the absence of FK506 occurs at 5 ng/ml NGF and
in the presence of FK506 at 0.1 ng/ml NGF. At maximal
concentrations of NGF (10-100 ng/ml), FK506 fails to
produce additional neurite outgrowth.

FK506 is extremely potent in its neurotrophic effects. In
the presence of a submaximal concentration of NGF (1
ng/ml) FK506 at 1 nM elicits the same maximal outgrowth
observed with 50 ng/ml NGF. (FIG. 11). Half maximal
effects of FK506 occur at approximately 100 pM. In the
absence of NGF, FK506 fails to elicit neurite outgrowth
(FIG. 10).

Rapamycin is a potent immunosuppressant which is not
thought to act through calcineurin but which may influence
other phosphorylation cascades (21-28). Rapamycin
potently blocks actions of FK506 that occur through FKBP
and calcineurin presumably by acting as an FK506 antago-
nist at FKBP (7,21,29,30). Rapamycin (1 #M) fails to block
the neurotrophic actions of FK506 (data not shown). Instead,
rapamycin is itself neurotrophic providing major neurite
outgrowth at 1 nM. Rapamycin and FK506 seem to be acting
via different mechanisms. Thus, rapamycin augments the
number of processes as well as their length, while FK506
primarily increases neurite length. Moreover, effects of
FK506 and rapamycin appear to be additive (data not
shown).

Example 7

This example demonstrates that FK506 is neurotrophic
for sensory ganglia. We examined the action of FK506 on
primary cultures of dorsal root ganglia from rats at embry-
onic day 16.

Stage E16 embryos were removed from pregnant
Sprague-Dawley rats and the dorsal root ganglia dissected.
Whole ganglia explants were cultured in collagen-coated 35
mm dishes (Falcon) using N2 medium (Dulbecco’s Modi-
fied Eagle medium and Ham’s F12 medium mixed 1:1 and
supplemented with progesterone, selenium, insulin,
putrescine, glucose, and penicillin-streptomycin) at 37° C. in
a 15% CO, environment. Sensory ganglia were treated with
various concentrations of NGF and/or FK506 or rapamycin
or anti-NGF antibody. Ganglia were observed every 2-3
days under phase-contrasting using an Olympus IMT-2
inverted microscope, and measurements of axon length were
made. The axonal field of each ganglion was divided into
four quadrants, and the length of the longest axons in each
quadrant was measured in microns using an eye-piece
micrometer. The average of these measurements was taken
as the axon length for the ganglion.

For [?PH]FK506 autoradiography, dorsal root ganglia cul-
tures were grown on chamber slides coated with collagen, 5
ug/em?. Cultures were fixed on the slide with ice cold 4.0%
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freshly depolymerized paraformaldehyde in 0.1 M sodium
phosphate buffer, pH 7.4, for 1 hr, then washed two times
with phosphate buffered saline. Fixed cultures were labeled
with [*’HJFK506 by pre-incubating the slides in a buffer
consisting of 50 mM Hepes, 2 mg/ml bovine serum albumin,
0.02% Tween-20 pH 7.4. This was followed by incubation
in the same assay buffer containing 1 nM [*H]FK506.
Non-specific binding was determined by adding 1 uM
unlabeled FK506. The slides were then rinsed 4x 5 min prior
to drying, and juxtaposed to tritium-sensitive film for 10
days.

Autoradiography of [PH]JFK506 binding sites reveals sub-
stantial levels of FKBP associated silver grains in these
ganglia (FIG. 12). At 1 uM unlabeled FK506, autoradio-
graphic grains are abolished indicating the specificity of
binding. As reported previously (31), NGF (100 ng/ml)
markedly increases the number and length of ganglia pro-
cesses (FIG. 13). FK506 (1 uM) alone produces a similar
neurotrophic effect, while as little as 1 nM FK506 produces
a noticeable increase in growth. Rapamycin (1 4M) which
acts as an FK506 antagonist, completely blocks the effects
of FK506 (1 uM), thus the action of FK506 displays a drug
specificity characteristic of FKBP (3,9,10,32).

Whereas FK506 fails to stimulate neurite outgrowth in
PC-12 cells in the absence of added NGF, in sensory ganglia
FK506 alone is neurotrophic. Schwann cells in the ganglia
can fabricate NGF, and the production of NGF by Schwann
cells is regulated by a protein phosphorylation event (33). To
ascertain whether the actions of FK506 alone involve poten-
tiation of endogenous NGF, we examined the influence of
antibodies to NGF (FIG. 13). Anti-NGF markedly reduces
the neurotrophic effects of FK506 (1 uM). The anti-NGF is
not acting in a toxic fashion as we observe no morphologic
evidence of toxicity in the cells exposed to anti-NGF in the
presence or absence of added NGF.

FK506 is extremely potent in stimulating neurite out-
growth. As little as 1 pM FK506 produces detectable aug-
mentation. Progressively greater outgrowth occurs at 0.1 and
10 nM FK506 (data not shown), while maximal outgrowth
requires 1 uM FK506.

The time course of neurite outgrowth is similar at all
concentrations of NGF and FK506. Some outgrowth is
evident by 1 day, while growth begins to plateau at about
5-6 days.

FK506 neurotrophic effects involve FKBP (FK506 bind-
ing protein) in sensory ganglia since the effects of FK506 are
reversed by low concentrations of rapamycin, a known
antagonist of FK506 at FKBP (7,21,29,30). The failure of
rapamycin to block FK506 effects in PC-12 cells probably
reflects the separate stimulatory effects of rapamycin.
Mechanisms for rapamycin stimulation of neurite outgrowth
in PC-12 cells are not immediately evident. Its immunosup-
pressant actions are thought to involve different mechanisms
than those of FK506. Rapamycin can inhibit S6 kinase
which phosphorylates the S6 ribosomal subunit (22-24,26,
28). Rapamycin also inhibits phosphatidylinositol-3-kinase
(25).

Protein kinase C (PKC)—mediated phosphorylation has
been implicated in process outgrowth during neuronal
regeneration (36—40). Other evidence suggests inhibitory
effects of PKC in neuronal process extension (41-44).

GAP43 is a prominent calcineurin substrate highly con-
centrated in neurites (14) and its phosphorylation is regu-
lated by FKBP (4). GAP43 may not be directly involved in
neurite extension, as PC-12 cell lines with low levels of
GAP43 display normal neurite outgrowth (45). However,
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GAP43 and its phosphorylation may be involved in targeting
neurites, as levels of phosphorylated GAP43 are increased
when neurites approach their targets (46). Phosphorylation
of GAP-43 may also influence mobilization of Ca** that
regulates neurite extension. Phosphorylated GAP-43 inhib-
its phosphatidyl inositol bis-phosphate formation, which
should diminish levels of inositol 1,4,5-triphosphate and
associated Ca** release (17). In addition, phosphorylation of
GAP-43 decreases its affinity for calmodulin with the result-
ant free calmodulin available to bind Ca®* (17).

Immunophilins may act at sites besides calcineurin which
affect Ca** that regulates neurite outgrowth. FKBP binds to
the ryanodine receptor, which is a Ca®* release channel (47).
In skeletal muscle sarcoplasmic reticulum FK506 dissoci-
ates FKBP from the ryanodine receptor to facilitate the Ca**
induced Ca** release mechanism (48). In addition, FK506
acts at other sites including FKBP25 (49,50), steroid recep-
tors (51,52) and other unidentified targets such as those
related to FKBP13 (53). Thus other potential mechanisms
may play some role in neurite extension.
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We claim:

1. A method of stimulating growth of damaged peripheral
nerves, comprising:

administering to damaged peripheral nerves an immuno-

philin ligand and a neurotrophic factor in amounts
sufficient to stimulate the growth of said nerves.

2. The method of claim 1 wherein the immunophilin
ligand is FK506.

3. The method of claim 1 wherein the immunophilin
ligand is rapamyecin.

4. The method of claim 1 wherein the immunophilin
ligand is cyclosporin A.

5. The method of claim 1 wherein the neurotrophic factor
is NGF (nerve growth factor).
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6. The method of claim 1 wherein the neurotrophic factor
is GDNF (glial derived growth factor).
7. The method of claim 1 wherein the neurotrophic factor
is BDNF (brain derived growth factor).
8. The method of claim 1 wherein the neurotrophic factor
is CNTF (ciliary neurotrophic factor).
9. The method of claim 1 wherein the neurotrophic factor
iS neurotropin-3.
10. A method of stimulating growth of damaged neurons
in the spinal cord, comprising:
administering to damaged neurons in the spinal cord an
immunophilin ligand and a neurotrophic factor in
amounts sufficient to stimulate growth of said neuronal
cells.
11. The method of claim 10 wherein the neurotrophic
factor is NGF (nerve growth factor).
12. The method of claim 10 wherein the neurotrophic
factor is GDNF (glial derived growth factor).
13. The method of claim 10 wherein the neurotrophic
factor is BDNF (brain derived growth factor).
14. The method of claim 10 wherein the neurotrophic
factor is CNTF (ciliary neurotrophic factor).
15. The method of claim 10 wherein the neurotrophic
factor is neurotropin-3.
16. The method of claim 10 wherein the immunophilin
ligand is FK506.
17. The method of claim 10 wherein the immunophilin
ligand is rapamyecin.
18. The method of claim 10 wherein the immunophilin
ligand is cyclosporin A.
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19. A method of stimulating growth of motor neurons,
comprising:
administering to motor neurons an immunophilin ligand
and a neurotrophic factor in amounts sufficient to
stimulate growth of said neuronal cells.
20. The method of claim 19 wherein the motor neurons
are in a patient with amyotrophic lateral sclerosis.
21. A method of stimulating growth of damaged neurons,
comprising:
administering to damaged neurons of a neurodegenerative
disease patient an immunophilin ligand and a neu-
rotrophic factor in amounts sufficient to stimulate
growth of said damaged neurons.
22. The method of claim 1 wherein said immunophilin
ligand binds to FKBP.
23. The method of claim 10 wherein said immunophilin
ligand binds to FKBP.
24. The method of claim 19 wherein said immunophilin
ligand binds to FKBP.
25. The method of claim 21 wherein said immunophilin
ligand binds to FKBP.
26. The method of claim 1 wherein said immunophilin
ligand does not bind to cyclophilin.
27. The method of claim 10 wherein said immunophilin
ligand does not bind to cyclophilin.
28. The method of claim 19 wherein said immunophilin
ligand does not bind to cyclophilin.
29. The method of claim 21 wherein said immunophilin
ligand does not bind to cyclophilin.
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